N icotinamide adenine dinucleotide phosphate (NADPH) oxidases (Nox) are the enzymes involved in the conversion of molecular oxygen to superoxide. NADPH oxidase is composed of membrane (gp91 phox [Nox2] and p22 phox ) and cytosolic (p47 phox , p40 phox , p67 phox , and Rac1 protein) subunits. 1,2 Nox2 (gp91 phox ) is an X-linked gene, and its gene product, Nox2, uses NADPH as a substrate to reduce molecular oxygen to superoxide. Nox2 is present in endothelial cells, vascular smooth muscle cells, adventitial fibroblasts, and cardiomyocytes. 1 Assembly and activation of Nox2 are initiated by phosphorylation of p47 phox by kinases, including protein kinase C and mitogen-activated protein kinases, and hence p47 phox is called the organizer subunit of Nox2. 3-5 Activation of the NADPH oxidase and increased oxidative stress has been shown to play a key role in experimental and human heart failure. 2,6-8 Deletion of p47 phox has been shown to attenuate myocardial infarctioninduced ventricular remodeling and progression of diabetic nephropathy and to suppress angiotensin II-induced superoxide generation in the cardiovascular system. 9-12 Therefore, we hypothesized that loss of p47 phox will reduce production of reactive oxygen species (ROS) in response to pressure overload and will decrease the susceptibility to heart failure.
stimulus for the development of heart failure. [13] [14] [15] N-cadherinmediated cell adhesion and the stretch sensor machinery in cardiomyocytes play key roles in the complex mechanism leading to cardiac myocyte remodeling. 13, 16, 17 Although the association of cortactin with N-cadherin and subsequent phosphorylation of cortactin are prerequisites for intercellular adhesion forces strengthening and cytoskeletal remodeling via actin polymerization, 18, 19 the mechanisms controlling these interactions are poorly understood. Using the transverse aortic constriction (TAC) model, we showed that loss of p47 phox leads to enhanced susceptibility to pressure overload-induced biomechanical stress, leading to early heart failure and free wall rupture. We report that p47 phox regulates mechanotransductioninduced cytoskeletal remodeling by regulating cortactin translocation to the cell membrane and adherens junctions. In contrast, Nox2-deficient hearts were protected from pressure overload-induced adverse myocardial remodeling. Our results provide novel insight into the role of p47 phox in the regulation of cortactin activity in murine and human hearts and actin polymerization in response to biomechanical stress.
Methods

Experimental Animals and Protocol
Mice lacking the cytosolic NADPH oxidase subunit p47 phox (p47 phox KO; p47 phox−/− ) backcrossed into a pure C57BL/6 background for >10 generations, as previously described, 9, 12 were studied. The Nox2 (gp91 phox ) knockout (Nox2KO; Nox2 −/y ) mice were obtained from the Jackson Laboratories (Bar Harbor, ME) and were in a C57BL/6 background. Only C57BL/6 male wild-type (WT) controls of 8 to 8.5 weeks of age were used. All experiments were performed in accordance with institutional guidelines, Canadian Council on Animal Care, and the Guide for the Care and Use of Laboratory Animals published by the United States (National Institutes of Health publication No. 85-23, revised 1996) . All studies were approved by the Animal Care and Use Committee at the University of Alberta.
Explanted Human Hearts
Cardiac tissue from patients with end-stage heart failure (ejection fraction ≤30%) attributable to idiopathic dilated cardiomyopathy was studied as part of the Human Explanted Heart Program at the Mazankowski Alberta Heart Institute. All patients underwent cardiac transplantation. All experiments were performed in accordance with the institutional guidelines and were approved by institutional ethics committee.
Transverse Aortic Constriction
Young (8-8.5 weeks old) WT, p47 phox KO, and Nox2KO male mice were subjected to TAC-induced pressure overload, as previously described. 16, [20] [21] [22] Briefly, mice were anesthetized with isoflurane, the transverse aortic arch was accessed via an incision in second intercostal space, and the transverse aorta was surgically constricted using a 27-gauge needle. Sham animals underwent the same procedure without the aortic constriction.
Echocardiography and Tissue Doppler Imaging
Transthoracic echocardiography and tissue Doppler imaging were performed noninvasively and analyzed in a blinded manner, as described previously, using a Vevo 770 high-resolution imaging system equipped with a 30-MHz transducer (RMV-707B, VisualSonics, Toronto, ON, Canada). [22] [23] [24] NADPH Oxidase Activity, Hydrogen Peroxide and Malondialdehyde Assays, and Dihydroethidium Staining NADPH oxidase activity in left ventricles (LVs) of mice was quantified by lucigenin-enhanced chemiluminescence using a single-tube luminometer (Berthold FB12, Berthold Technologies, Germany) modified to maintain the sample temperature at 37°C, as we have previously described. 22, 24, 25 Myocardial hydrogen peroxide level was measured using the homovanillic acid method, as previously described. 26 Myocardial and plasma malondialdehyde (MDA) levels were assayed using a commercially available kit according to manufacturer's instructions (Bioxytech MDA-586, Oxis International Inc, Beverly Hill, CA). Dihydroethidium staining was performed on 15-µm-thick myocardial cryosections, visualized under fluorescence microscope (Olympus IX81), quantified using Metamorph Basic (version 7.7.0.0), and represented as dihydroethidium fluorescence. 12, 22, 25 
Histological Analyses, Terminal Deoxynucleotidyltransferase-Mediated dUTP Nick-End Labeling Assay, and Immunofluorescence
Hearts were arrested in diastole with 1 mol/L KCl, fixed with 10% buffered formalin, and embedded in paraffin. Section 10 μm thick were stained with picrosirius red or Masson trichrome to assess cardiac fibrosis and were visualized using fluorescence microscopy (Olympus IX81) or light microscopy (DM4000 B, Leica), respectively, as we have previously described. 22, 24 Myocardial collagen contents were measured from the picrosirius red-stained images using Metamorph Basic (version 7.7.0.0) software. Cryosections 5 μm thick embedded in optical coherence tomography were stained with Oregon Green 488-conjugated wheat germ agglutinin (Invitrogen) and 4ʹ,6-diamidino-2-phenylindole and visualized under fluorescence microscope (Olympus IX81). Myocyte cross-sectional area was measured by tracing area congruent to the wheat germ agglutinin-stained myocyte membranes using Metamorph Basic (Version 7.7.0.0) software. 22 In situ DNA fragmentation was detected in 5-µm-thick cryosections using the commercially available terminal deoxynucleotidyltransferase-mediated dUTP nick-end labeling assay kit, according to manufacturer's instructions (Invitrogen) as previously described. 22 Cryosections 5 μm thick embedded in optical coherence tomography were stained with Alexa Fluor 488-conjugated phalloidin (Invitrogen), tetramethylrhodamine-wheat germ agglutinin (Invitrogen), and 4ʹ,6-diamidino-2-phenylindole to visualize the F-actin, cellular membrane, and nuclei, respectively. Separately, 5-µm-thick optical coherence tomography-embedded cryosections were stained with Alexa Fluor 488-conjugated phalloidin (Invitrogen), Alexa Fluor 594-conjugated DNAse I (Invitrogen), and 4ʹ,6-diamidino-2phenylindole to visualize F-actin, G-actin, and nuclei, respectively. F-actin and G-actin were quantified morphometrically from these images, and the F-actin:G-actin ratio was represented as an index for actin polymerization.
Cryosections 5 μm thick embedded in optical coherence tomography were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X100, and blocked with 4% bovine serum albumin. The sections were then incubated with primary antibodies overnight at 4°C in a humidified chamber. After several washings, the sections were incubated with different fluorophore-conjugated respective secondary antibodies for 1 hour at 37°C. 
Transmission Electron Microscopy
Transmission electron microscopy was performed to visualize and analyze the integrity of Z-line and sarcomere in LVs. Briefly, LVs were fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 mol/L PBS, followed by postfixation in 1% osmium tetroxide in 0.1 mol/L PBS. The tissues were then dehydrated in increasing grades of alcohol, infiltrated with spurr resin, and embedded in flat molds with spurr resin. After overnight curing, sectioning and staining were performed. The sections on grids were examined under transmission electron microscope (Morgagni 268, Philips FEI) at ×8900 and ×22 000 magnifications.
Isolation, Culture, and Stretching of Adult Cardiomyocytes
Adult murine left LV cardiomyocytes were isolated and cultured as described previously. 24, 27 Cardiomyocytes were cyclically stretched at 1 Hz and a maximal elongation of 10% for 6 or 24 hours with Flexcell FX-5000 Tension System (Flexcell International Corp). After the completion of stretching protocol, the cells were imaged under light microscope (DM4000 B, Leica) to assess the cell viability. Media were collected to perform the lactate dehydrogenase assay to assess the cell death. The cells were then washed with PBS and fixed with 2% paraformaldehyde for 20 minutes, followed by 3 washings with PBS. The fixed cardiomyocytes were then used to perform the F-actin and G-actin double staining. The ratio between F-actin and G-actin staining intensities was represented as an index of actin polymerization.
Isolated Cardiomyocyte Contractility
Measurement of isolated cardiomyocyte contractility was performed as we have previously described. 16 Briefly, cardiomyocyte were perfused with modified Tyrode solution containing 1.2 mmol/L Ca 2+ at 35°C to 36°C and paced with field stimulation at 1 Hz. Sarcomere length was estimated in real time by software from images captured by high-speed camera at a rate of 200 frames per second. Measurements of fractional shortening, relaxation time (t 90 ), and ±dL/dt were done at steady state (past 2 minutes of continuous stimulation). Only cardiomyocytes producing contraction of stable amplitude and kinetics at steady state were selected for analysis.
TaqMan Real-time Polymerase Chain Reaction, Coimmunoprecipitation, Membrane Fractionation, and Western Blot Analyses
Messenger RNA expression levels were quantified with TaqMan realtime polymerase chain reaction using ABI Prism 7700 sequence detection system, as described previously. 16, 22, 24 Coimmunoprecipitation, membrane fractionation, and Western blot analyses were performed as described previously. 16, 22, 24, 28 
Statistical Analysis
All data are shown as mean±SEM. All statistical analyses were performed using SPSS software (version 19; Chicago, IL). The effects of genotype and TAC were evaluated using ANOVA followed by the Student-Neuman-Keul test for multiple-comparison testing. Statistical significance is recognized at P<0.05.
Results
Loss of p47 phox Increases Pathological Hypertrophy and Myocardial Fibrosis and Worsens Systolic Dysfunction in Response to Biomechanical Stress
In contrast to our hypothesis, loss of p47 phox resulted in increased mortality, worsened pathological hypertrophy, and cardiac fibrosis in response to biomechanical stress. We observed markedly increased rate of sudden cardiac deaths in p47 phox KO mice in response to TAC as compared with WT mice because of LV free wall rupture ( Figure 1A ; Online Figure I ). In p47 phox KO mice subjected to TAC, there was worsened pathological hypertrophy indicated by increased LV weight-to-tibial length ratio and cardiomyocyte crosssectional area as compared with WT mice at 5 and 9 weeks after TAC ( Figure 1B ; Online Figure IIA and IIB) with a marked increase in lung water content, an important indicator of advanced heart failure ( Figure 1C ). In p47 phox -deficient hearts, mRNA expression profile of molecular markers of hypertrophy showed a greater increase in the expression of atrial natriuretic factor, brain natriuretic peptide, α-skeletal muscle actin, and β-myosin heavy chain compared with WT-TAC hearts at 5 weeks post-TAC ( Figure 1D-1G ). Early development of severe dilated cardiomyopathy in p47 phox KO mice was also associated with increased interstitial fibrosis as revealed by Masson trichrome and picrosirius red staining; p47 phox KO mice showed greatly increased interstitial fibrosis at 5 weeks that exacerbated by 9 weeks after TAC as compared with WT-TAC mice ( Figure 1H -1I; Online Figure IIC ). Echocardiographic analysis revealed accelerated LV dilation and systolic dysfunction in p47 phox KO mice as compared with WT mice at 5 and 9 weeks after TAC as evident by M-Mode ( Figure 2A) and B-mode ( Figure 2B ) images of the LV. p47 phox KO mice also showed a significant increase in left atrium size ( Figure 2C and 2I), significantly increased LV end-diastolic dimension and LV end-systolic dimension, and significantly reduced LV ejection fraction, LV fractional shortening, and velocity of circumferential shortening compared with WT mice at 5 and 9 weeks after TAC ( Figure 2D -2H). Given the surgical intervention involved in the TAC model and the key role of p47 phox in neutrophil-mediated inflammation, [29] [30] [31] we confirmed a lack of increased myocardial inflammation in our model of heart disease in p47 phox null mice (Online Figure III) . These results clearly demonstrate that lack of p47 phox results in increased mortality, pathological hypertrophy, and myocardial fibrosis, leading to eccentric remodeling with marked systolic dysfunction in response to biomechanical stress.
Loss of p47 phox and Nox2 Fails to Increase ROS Formation but With Discordant Impact on Pathological Myocardial Remodeling in Response to Pressure Overload
NADPH oxidase enzyme is primarily responsible for conversion of molecular oxygen into the superoxide, where p47 phox acts as a cytosolic organizer subunit and Nox isoforms as the catalytic subunit, thereby generating ROS in the heart. 9, 32, 33 In patients with chronic granulomatous disease, loss of function of the p47 phox and Nox2 subunits resulted in elevated basal superoxide production in neutrophils. 34 Although there was a significant increase in NADPH oxidase activity and ROS levels in WT LVs in response to pressure overload, loss of p47 phox resulted in basal increase in ROS levels with a blunted increase in ROS on biomechanical stress ( Figure 3A and 3B), with hydrogen peroxide levels showing a similar trend ( Figure 3C ). These results are consistent with the increased serine phosphorylation of p47 phox , a known activator of NADPH oxidase activity, 1, 35 in WT-TAC hearts ( Figure 3D ). The lack of increased oxidative stress in p47 phox KO-TAC mice was confirmed by the assessment of the lipid peroxidation product, MDA, which showed no increase in myocardial and plasma MDA levels, whereas WT-TAC mice showed elevated MDA levels (Online Figure IV) . Although Nox2 and Nox4 expression increased in WT hearts in response to pressure overload, loss of p47 phox was associated with basal increased expression of Nox2 and Nox4 and a lack of increase after TAC ( Figure 3E and 3F). The loss of Nox2 also resulted in increased basal ROS levels with no further increase in response to pressure overload ( Figure 3G and 3H). However, in contrast to the phenotype observed in p47 phox KO hearts, loss of Nox2 resulted in marked protection from the adverse effects of biomechanical stress, as illustrated by the preservation of systolic function and lack of LV dilation (Figure 3I-3K; Online Figure V ) with a smaller increase in brain natriuretic peptide expression ( Figure 3L ). We next assessed the degree of apoptosis and the angiogenic response that are regulated by ROS and are critical determinants of heart failure progression. [36] [37] [38] Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling assay was performed to analyze apoptosis in p47 phox KO-sham and TAC mice and showed no difference, whereas the mRNA expression profile of angiogenic markers, including vascular endothelial growth factor-A, vascular endothelial growth factor A-receptor 2, and angiopoietin-1, showed no significant difference between experimental groups (Online Figure VI) . These data show that loss of p47 phox reduced ROS production but did not differentially impact pathological signaling, apoptosis, or angiogenesis in response to pressure overload in the heart.
Loss of p47 phox -Induced Adverse Remodeling Is Associated With Altered Signaling, Mechanotransduction, and Deficient Actin Polymerization
The marked increase in susceptibility of the p47 phox KO mice to biomechanical stress strongly implies a fundamental defect in cardiac mechanotransduction. 13, 16, 39 Activation of several signaling pathways such as Src kinase, focal adhesion kinase (FAK), Akt, and extracellular signal-regulated kinase 1/2 are key mediators of the response to biomechanical stress. [40] [41] [42] [43] c-Src is present exclusively in the cytoskeletal fraction of pressure-overloaded myocardium 43 and phosphorylates various proteins, including cortactin and FAK. 42 Phosphorylation of cortactin is essential to maintain intercellular adhesion. 19 Although tyrosine phosphorylation of Src was significantly In contrast, the level of phosphorylation of cortactin was unchanged in Nox2KO pressure-overloaded hearts (Online Figure VIIB) . The actin-related protein 2/3 (Arp2/3) is the key nucleator of the adaptive branched actin network and binds both cortactin and F-actin. 44, 45 Loss of p47 phox decreases the interaction between Arp2/3 and cortactin ( Figure 4D) . In contrast to the alterations in the regulatory pathways of the actin cytoskeleton, there was equivalent phosphorylation of Akt (Ser473 and Thr308) and extracellular signal-regulated Figure  VIIC -VIIE), suggesting that phosphoinositide 3-kinase and mitogen-activated protein kinase signaling pathways were not differentially regulated in WT and p47 phox KO mice in response to pressure overload.
We assessed the adherens junction in the heart, which is responsible for the cell-cell intercellular adhesion in the heart, namely the N-cadherin/β-catenin complex. 13, 17, 46 Immunofluorescence staining and Western blot analyses on the membrane fraction exhibited minimal alterations in N-cadherin ( Figure 4E and 4F ) and β-catenin ( Figure 4G and 4H) protein levels in WT hearts at baseline and after TAC at 5 weeks, whereas these proteins were markedly upregulated at intercalated disks in p47 phox KO LV after pressure overload. Defective phosphorylation of FAK and cortactin and the reduced association of Arp2/3 with cortactin indicate a possible defect in the intracellular cytoskeletal network in p47 phox KO-TAC hearts. Therefore, we examined the structural arrangements of the F-actin filaments. Although WT hearts and p47 phox KO-sham LVs exhibited normally arranged intact actin filaments, the actin filaments appeared disarrayed and interrupted in the pressure-overloaded p47 phox KO hearts ( Figure 5A ; Online Figure VIII) . Transmission electron microscopy further confirmed disorganized Z-line structures and mitochondrial disarray compared with the parallel WT hearts ( Figure 5B ; Online Figure IX) . In contrast, Nox2-TAC hearts showed intact actin filaments with an appearance and morphology similar to those of the WT-TAC hearts ( Figure 5C ; Online Figure IX) . The ratio of F-actin to G-actin, an index of actin polymerization, revealed a blunted increase in actin polymerization in p47 phox KO-TAC as opposed to the normal increase in actin polymerization in WT-TAC and Nox2-TAC hearts ( Figure 5D ; Online Figure VIII) , indicating impaired actin polymerization in the p47 phox -deficient hearts.
p47 phox Interacts With and Regulates Cortactin Activity and Actin Polymerization
We next assessed whether p47 phox deficiency affects cortactin, a cortical actin protein, that plays a key regulatory role in actin polymerization. 47, 48 Immunoprecipitation of p47 phox followed by immunoblotting for cortactin revealed an interaction between p47 phox and cortactin but no interaction between p47 phox and α-actin in WT hearts, whereas immunoprecipitation for cortactin followed by immunoblotting for p47 phox showed an interaction between cortactin and p47 phox as well as α-actin ( Figure 6A ). In contrast, immunoprecipitation failed to detect an interaction between Nox2 and cortactin ( Figure 6B ). Double immunofluorescence staining exhibited that the interaction between p47 phox and cortactin was predominantly cytosolic in WT LVs and translocated to the cell membrane in response to biomechanical stress, as evident by spatial colocalization of p47 phox and cortactin ( Figure 6C) . In response to TAC in WT hearts, the quantitative interaction between p47 phox and cortactin was also reduced at the onset of systolic dysfunction ( Figure 6A and 6B) . Consistent with our murine data, we found similar interactions in healthy human hearts, with cortactin interacting with both p47 phox and α-actin ( Figure 6D ), whereas in hearts from patients with dilated cardiomyopathy, predominantly membranous interaction between p47 phox and cortactin was detected, confirming the membrane cotranslocation of p47 phox and cortactin in diseased states ( Figure 6E ). In both murine and human hearts, there is not a direct interaction between p47 phox and α-actin ( Figure 6A, 6B, and 6D) , necessitating a key regulatory role of cortactin as a molecular bridge between p47 phox and α-actin.
Cortactin not only is essential for N-cadherin-mediated cell adhesion but also is required to initiate actin polymerization and cytoskeletal remodeling to facilitate cell-cell adhesion. 18, 49 To elucidate the impact of p47 phox loss on cortactin-mediated cortical actin polymerization, we performed double immunofluorescence staining for cortactin and N-cadherin. Sham-operated WT and p47 phox KO LVs showed minimal colocalization between cortactin and N-cadherin under basal conditions. However, in WT-TAC hearts, there was a significant increase in the cortactin and N-cadherin colocalization at intercalated disks, suggesting translocation of cortactin to adherens junction and interaction with N-cadherin ( Figure 7A ). However, p47 phox KO-TAC LVs showed noticeably decreased translocation of cortactin to adherens junction evident by decreased spatial colocalization between cortactin and N-cadherin ( Figure 7B ). Surface plots, quantitative graphical representation of pixel intensities, confirm the minimal colocalization between cortactin and N-cadherin at baseline with increased translocation of cortactin, resulting in colocalization with N-cadherin (the yellowish green color at intercalated disks) in WT LVs; loss of p47 phox prevented translocation of cortactin to intercalated disks (orangish red color at intercalated disks; Figure 7A and 7B). The loss of Nox2 did not disrupt the translocation of cortactin, and the N-cadherin and cortactin colocalization at intercalated disks was maintained in response to pressure overload in Nox2KO hearts ( Figure 7C ). In human dilated cardiomyopathy, we found a significant interaction between cortactin and N-cadherin and in the surface plot for the double staining ( Figure 7D ), confirming the cortactin-N-cadherin interaction in a diseased state in failing murine and human ventricles.
Loss of p47 phox Results in Decreased Single Cardiomyocyte Contractility in Response to Biomechanical Stress
The disruption of the intracellular cytoskeletal network is likely to lead to a loss of individual cardiomyocyte contractility, resulting in the global reduction of systolic function. Cardiomyocytes isolated from sham-operated WT and p47 phox KO LVs did not show any difference in single cardiomyocyte contractility (percent myofilament shortening and -dL/dt) and single cardiomyocyte relaxation (+dL/dt and time for 90% relaxation; Figure 8A -8D). Cardiomyocytes from WT LVs subjected to 5-week TAC showed decreased single cell contractility and relaxation, which were drastically lowered in cardiomyocytes isolated from p47 phox KO LVs subjected to 5-week TAC (Figure 8A-8D) . To simulate the in vivo biomechanical stress, cardiomyocytes were isolated from WT and p47 phox KO LVs and subjected to 6-and 24-hour cyclic stretch. WT cardiomyocytes showed no difference in cell survival after 6 hours but a significant decrease after 24 hours of stretch in vitro, whereas p47 phox KO cardiomyocytes showed significantly decreased cell survival after 6 hours of stretch in vitro, with almost no viability by 24 hours of cyclic stretch ( Figure 8E and 8F) . Lactate dehydrogenase activity assay on the culture media from these cells showed a significant gradual increase in lactate dehydrogenase activity after 6 hours that worsened by 24 hours of culture ( Figure 8G ). Consistent with our in vivo observations, stretching of p47 phox -deficient cardiomyocytes failed to promote cortactin membrane translocation (Online Figure X) . F-actin and G-actin double staining in these cardiomyocytes after 6 hours of stretching showed increased α-actin polymerization in WT cardiomyocytes but impaired α-actin polymerization, along with degradation in actin filaments ( Figure 8H ), resulting in lowered F-actin:G-actin ratio ( Figure 8I ) in p47 phox KO cardiomyocytes.
Discussion
The Nox family constitutes 7 isoforms of Nox of which Nox1, 2, 4, and 5 are expressed in cardiovascular tissues. 1,33 Nox2, prototype of Nox family, is composed of membrane (gp91 phox and p22 phox ) and cytosolic (p47 phox , p40 phox , p67 phox , and Rac1 protein) subunits. Assembly and activation of Nox2 are initiated by phosphorylation of p47 phox , an organizer subunit of Nox2. 1 Defensive action against an invading microorganism is the most studied and creates the historical basis for the identification of Nox system. The important beneficial effects of ROS also include cellular signaling and induction of mitogenic response, as well as angiogenesis. 1, 50 In this study, we showed a critical non-ROS-dependent role of p47 phox in heart Figure 6 . p47 phox interacts with cortactin in murine and human hearts at baseline and in response to biomechanical stress. Immunoprecipitation (IP) followed by immunoblotting (IB) experiment showing the co-IP of cortactin with p47 phox and Nox2 showing an interaction between p47 phox and cortactin (A and B) in wild-type (WT) left ventricles (LVs) subjected to sham surgery and at 5-week transverse aortic constriction (TAC), whereas nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox2) does not interact with cortactin (B). IP followed by IB also showing an interaction between cortactin and α-actin, with no direct interaction of p47 phox with α-actin (A and B). Representative immunofluorescence (IF) staining images showing colocalization between p47 phox and cortactin in the WT LVs subjected to sham and 5-week TAC (C). However, the interaction is primarily cytosolic in WT-sham LV and is translocated to the cellular membrane on pressure overload for 5 weeks. Similar experiment in human hearts showing co-IP of cortactin with p47 phox and vice versa, with cortactin also interacting with α-actin (D). p47 phox and cortactin double staining showing spatial colocalization between p47 phox and cortactin, predominantly membranous, in human heart with dilated cardiomyopathy (E), resembling the p47 phox and cortactin interaction in WT 5-week TAC LV. In the IF images, red represents p47 phox , green represents cortactin, and blue represents nuclei stained with 4ʹ,6-diamidino-2-phenylindole. n=4 for each group.
failure such that loss of p47 phox interaction with the cytosolic protein, cortactin, resulted in marked pathological eccentric remodeling and rapid progression to heart failure. We report the first observation of LV free wall rupture in a pressure overload model of heart failure and showed that p47 phox interacts with cortactin in both murine and human hearts. Interestingly, both cortactin 45 and p47 phox51 contain proline-rich regions and SH3 domains, which supports a possible direct proteinprotein interaction between cortactin and p47 phox . However, we did not show a direct protein-protein interaction between cortactin and p47 phox , and further experimental work is needed to elucidate the molecular basis for their interaction.
Basal ROS was increased in both p47 phox -and Nox2deficient hearts, which is consistent with patients affected by chronic granulomatous disease, in whom loss-of-function mutations in p47 phox and Nox2 resulted in basal increase in superoxide production in isolated neutrophils. Further evidence to support an ROS-independent role of p47 phox is the observation that despite the increased basal Nox4 mRNA and hydrogen peroxide levels that are cardioprotective, 26 p47 phox KO hearts worsened in response to pressure overload. Although the genetic loss of both p47 phox and Nox2 prevented pressure overload-induced increase in ROS, these 2 genetic models showed divergent response to biomechanical stress. The cardioprotection seen in the Nox2 null hearts is consistent with a key role of NADPH oxidase in pathological remodeling and heart failure progression. 2, 6, 33, 52 Importantly, we showed that Nox2 does not directly interact with cortactin and that the loss of Nox2 does not adversely alter the active remodeling of the intracellular α-actin cytoskeleton.
Mechanotransduction, the conversion of mechanical stimulus into signal transduction, plays an important fundamental role in the response to biomechanical stress as seen in patients with hypertension and valvular stenosis. [13] [14] [15] Mechanotransduction involves the interaction between cytoskeletal proteins with extracellular matrix and cell adhesion complexes (cell-cell), leading to the intercellular transmission of mechanical force propagated via these 2 distinct yet interdependent mechanisms by directly stretching and straining neighboring cells. [13] [14] [15] N-cadherin, an intercalated disk protein located at adherens junction, mediates cell-cell mechanotransduction because of its mechanosensory property. 13, 16, 17, 39, 53 N-cadherin through β-catenin and α-catenin attaches to cytoskeletal F-actin, which creates the basis of cell adhesion and mechanosensory element. Biomechanical stress at intercellular junction, sensed by N-cadherin, promotes actin polymerization through phosphatidylinositol-4,5 bisphosphate-mediated regulation of gelsolin and actin assembly. 54 Our results provide a novel mechanism by which p47 phox maintains cell-cell adhesion by regulating cortactin translocation and interaction with the N-cadherin cell adhesion complex, as well as cortactin-mediated actin polymerization.
Cortactin is an actin-binding protein that, through phosphorylation switch, regulates the actin polymerization and depolymerization, where actin depolymerization promotes phosphorylation of cortactin, which then promotes actin polymerization and plays an important role in regulating the cytoskeletal architecture. 45, 49, [55] [56] [57] [58] [59] In addition, cortactin translocation from cytosol to membrane is also known to be a prerequisite for actin polymerization. 60 Cortactin stimulates actin polymerization via recruitment of Arp2/3, leading to a ternary complex of F-actin, cortactin, and Arp2/3. Importantly, association of cortactin with N-cadherin and FAK followed by cortactin phosphorylation has been found to regulate N-cadherin mobility and intercellular adhesion forces and cell motility. 18, 19, 61 Interestingly, cortactin deficiency leads to reduced neutrophil recruitment along with increased vascular permeability attributable to reduced intercellular adhesion. 48 The potential interaction between cortactin and p47 phox is increased with angiotensin II stimulation in vascular smooth muscle cells 62 and in human pulmonary artery endothelial cells in response to hyperoxia. 63, 64 Our study provides novel insight into the role of p47 phox in biomechanical stress-induced mechanotransduction in cardiomyocytes. Loss of p47 phox resulted in decreased translocation of cortactin to the cell membrane of the cardiomyocytes, decreased association of cortactin with N-cadherin, and decreased tyrosine phosphorylation of cortactin. Importantly, the interaction between p47 phox and cortactin exists in murine and human heart and plays a fundamental role in heart failure. We conclude that p47 phox regulates the cortactin activity in response to biomechanical stress and is a critical determinant of the response to adverse myocardial remodeling.
